In prior studies, we showed that cholera (CTX) and pertussis toxins (PTX) increase rat liver endosome acidification. This study was performed to characterize the effects of these toxins and cyclic adenosine monophosphate (cAMP) on endosome ion transport, fluid-phase endocytosis (FPE), and endosome trafficking in liver. In control liver, more mature populations of endosomes acidified progressively more slowly, but both toxins and cAMP caused retention of an early endosome acidification profile in maturing endosomes. CTX caused a density shift in endosomes, and all agents increased net FPE at time points from 5 to 60 minutes. By confocal microscopy, fluorescent dextrans first appeared in small vesicles at the hepatocyte sinusoidal membrane and trafficked rapidly to the pericanalicular area, near lysosomes and the trans-Golgi network (TGN). Prolonged exposure to these agents caused redistribution of many labeled vesicles to the perinuclear region, colocalized with markers of both early (EEA1 and transferrin receptor) and late (LAMP1) endosomes. We conclude that cAMP is the common agent that disrupted normal maturation and trafficking of endosomes and increased net FPE, in part via decreased diacytosis.
In prior studies, we showed that cholera (CTX) and pertussis toxins (PTX) increase rat liver endosome acidification. This study was performed to characterize the effects of these toxins and cyclic adenosine monophosphate (cAMP) on endosome ion transport, fluid-phase endocytosis (FPE), and endosome trafficking in liver. In control liver, more mature populations of endosomes acidified progressively more slowly, but both toxins and cAMP caused retention of an early endosome acidification profile in maturing endosomes. CTX caused a density shift in endosomes, and all agents increased net FPE at time points from 5 to 60 minutes. By confocal microscopy, fluorescent dextrans first appeared in small vesicles at the hepatocyte sinusoidal membrane and trafficked rapidly to the pericanalicular area, near lysosomes and the trans-Golgi network (TGN). Prolonged exposure to these agents caused redistribution of many labeled vesicles to the perinuclear region, colocalized with markers of both early (EEA1 and transferrin receptor) and late (LAMP1) endosomes. We conclude that cAMP is the common agent that disrupted normal maturation and trafficking of endosomes and increased net FPE, in part via decreased diacytosis. (HEPATOLOGY 2000;32:1357-1369.)
Endocytosis and vesicular transport are important functions of all cells, but they are particularly critical to liver, a polarized epithelia that has direct contact with blood, secretes a wide variety of essential plasma proteins, removes many macromolecules from blood, and transfers them to bile. 1 Endosomes are not static structures, because, during vesicular transport, endosomes remodel and their contents and membrane receptors are sorted and segregated into multiple types of vesicles with different destinations. 2, 3 Endocytic vesicles also contain a specific complement of membrane ion transporters, some of which acidify the endosome interior space (the electrogenic V-type H ϩ -adenosine triphosphatase [ATPase]) or regulate the degree of acidification. 4, 5 Although function of these transporters might be altered directly by classic signal transduction pathways, during normal endosome remodeling/maturation, vesicle ion transporters also may be sorted and redistributed, potentially leading to changes in the acidification parameters of late compared with early endosomes. For example, we previously showed that Na ϩ /H ϩ exchange, which alters endosome interior pH (pH i ), is only detected in early (2-minute) endosomes. 5 Because pH i itself may affect endosome function/trafficking, 6, 7 sorting of vesicle ion transporters might, in turn, alter vesicle function.
Furthermore, the rates and/or mechanisms of endocytosis, exocytosis, and transcytosis are not necessarily constant. Cyclic adenosine monophosphate (cAMP) and/or heterotrimeric G proteins have been proposed to regulate a variety of steps in vesicle transport. [8] [9] [10] For example, some membrane transporters are regulated through cAMP-mediated changes in removal by endocytic vesicles or insertion from exocytic vesicles, which in turn may alter fluid-phase endocytosis (FPE). 11 In liver, the basolateral sodium-coupled taurocholate transporting protein (Ntcp) and some canalicular transporters are so regulated. 12, 13 In our own previous work, cholera (CTX) and pertussis (PTX) toxins increased both liver cAMP and the rates and extent of acidification of liver endocytic vesicles loaded with a fluorescent probe of FPE, fluorescein isothiocyanate (FITC)-dextran. 14 Furthermore, these agents caused retention in older endosomes of active Na ϩ /H ϩ exchange. Differences in endosome acidification might be the result of changes in the turnover rate or number of active proton pumps, or in the surface-to-volume ratio of endosomes. [15] [16] [17] However, these changes in endosome ion transporters might also reflect more global changes in the remodeling/maturation of early to late endosomes.
We, therefore, undertook these studies to develop methods to systematically assess parameters of endocytosis and vesicle trafficking in rat liver. These methods were used to determine the effects of short-term (dibutyryl cAMP) and long-term (CTX, PTX, and dibutyryl cAMP) increases in cAMP on liver FPE, and to provide evidence for the hypothesis that cAMP impairs remodeling/maturation of liver FPE endosomes derived from the sinusoidal membrane. We chose to use in vivo liver for these studies because of its physiologic relevance and because both liver perfusion 18 and hepatocyte isolation 19 themselves appear to affect endocytosis. Antibodies. Polyclonal antibodies to rab 5, rab 7, and lysosomeassociated membrane protein 1 (LAMP-1) were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Polyclonal antibody against multidrug resistance-related protein 2 (MRP-2) was the gift of Dr. Dietrich Keppler (University of Heidelberg). Mouse monoclonal antibodies were purchased to transferrin receptor (Zymed Laboratories, South San Francisco, CA), early endosome antigen 1 (EEA1) (Transduction Laboratories, Lexington, KY), and trans-Golgi network 38 (TGN-38) (Affinity BioReagents, Inc., Golden, CO). Sytox Green nuclear stain, FITC-conjugated phalloidin, and anti-mouse and anti-fluorescein Alexa 488 amplification kits were purchased from Molecular Probes, Inc. Secondary antibodies and normal animal sera were purchased from Zymed Laboratories, Inc., Santa Cruz Biotechnology, Inc., and Jackson Immunoresearch Laboratories, Inc. (West Grove, PA).
MATERIALS AND METHODS

Materials
Animals. Male Sprague-Dawley rats (250-350 g) were obtained from Harlan, Inc. (Indianapolis, IN) and received humane care according to guidelines prepared by the National Academy of Sciences and the National Institutes of Health. Rats were injected intraperitoneally 17 hours before use with 120 g/kg CTX or 25 g/kg PTX or solvent. 14 Other animals were given dibutyryl cAMP (30 mg/kg) intraperitonealy, either as a single injection 1 hour before use 20 or, to replicate the time period of toxin exposure, 5 injections administered at 4-hour intervals. Rats were injected intravenously with 70,000-or 10,000-d FITC-dextran or Texas red-dextran in saline 2 minutes to 15 hours before killing, as indicated in the text and figure legends. Liver weight was decreased by 13% to 27% (P Ͻ .01 to P Ͻ .001) by overnight exposure to cAMP and toxins, likely as a result of the catabolic effects of cAMP. Body weight was not affected by these agents, so quantitative data were normalized to per liver or per 100 g body weight.
Fractionation of Liver Vesicles. After rat treatment, livers were chilled by perfusion and homogenized in 5 volumes of ice-cold buffer (250 mmol/L sucrose, 3 mmol/L imidazole [pH 7.1]) with a Dounce homogenizer. Postnuclear supernatants (PNS) were prepared, 2.75 mL was layered over 36 mL of 30% Percoll (in a stock solution of 357 mmol/L sucrose, 2.86 mmol/L CaCl 2 , 14.3 mmol/L HEPES [pH 7.2]) in 39 mL Quick-seal tubes and centrifuged at 48,300g for 45 minutes. Gradients were fractionated from the bottom into 30 1.25-mL fractions. Fractions were used fresh for acidification studies or were frozen for other assays.
Endosomes. Total liver populations of dextran-loaded endocytic vesicles were isolated from liver homogenates as a microsomal pellet as described, 5, 14 resuspended in isotonic buffers containing 140 mmol/L K gluconate and 30 mmol/L Bis-Tris (pH 7.1), and kept at 4°C.
Vesicle Acidification. ATP-dependent acidification rates, steadystate ATP-dependent intravesicular pH (pH i ), proton efflux rates (normalized to the transmembrane H ϩ gradient), and Na ϩ /H ϩ exchange were measured in fresh endosomes or Percoll gradient fractions from changes in the ratio of fluorescein fluorescence. 5, 14 Analysis of FITC-Dextran in Gradient Fractions. Fluorescein fluorescence was measured in homogenates, PNS, or Percoll gradient fractions at 493 nm/530 nm. Intravesicular FITC-dextran was taken to be the difference in fluorescence measured in the absence or presence of 0.02% Triton-X 100 that was quenched by saturating amounts of anti-fluorescein antibody. Standard curves of FITC-dextran were used to convert fluorescence to nanograms of FITC-dextran. Preliminary studies showed intravesicular FITC-dextran was not caused by trapping of FITC-dextran during the homogenization step. The yield of intravesicular FITC-dextran was Ͼ95% complete (data not shown).
WGA Binding. To identify plasma membranes, livers were perfused at 4°C in a recirculating mode for 60 minutes with 10 mg FITC-WGA, followed by single-pass perfusion with buffer alone, similar to Bartles et al. 21 After fractionation on Percoll gradients, samples were centrifuged at 100,000g for 60 minutes to separate membrane-bound from supernatant (soluble) FITC-WGA, and fluorescein content was assessed fluorometrically. Membrane-bound FITC-WGA peaked in Percoll fractions 22-24 (n ϭ 3), Ͼ95% of the fluorescence was located outside membrane vesicles, and no ATPdependent acidification could be detected from internalized FITC-WGA (data not shown).
Plasma Concentration of Fluorescent Dextran. Plasma levels of FITCand TR-dextrans were measured fluorometrically. Because plasma levels of 10,000-d dextrans fell rapidly as a result of renal excretion 22 (data not shown), 70,000-d dextrans were used for quantitative studies. Twenty minutes after injection of 100 mg 70,000-d FITC-dextran, plasma levels were 6.5 Ϯ 0.8 mg/mL (n ϭ 24). Fifteen hours after injection of 50 mg 10,000-d dextrans, plasma levels averaged 9 g/mL (n ϭ 4).
Enzyme Assays. N-Acetyl-␤-glucosaminidase and ␤-glucuronidase were measured as described. 15 Alkaline phosphodiesterase I (APDE-I), a plasma membrane marker, was assayed from the appearance of p-nitrophenol (410 nm) in cuvettes containing 20 g of protein in 1 mL 100 mmol/L Tris, 25 mmol/L CaCl 2 (pH 9.0), 2 mmol/L thymidine-5Ј-monophosphate-p-nitrophenyl ester, and 0.2% Triton X-100. 21, 23, 24 Specific activity was enriched in the peak gradient fraction (fraction 23) 10.0-fold (Ϯ1.7; n ϭ 4) compared with PNS.
Liver Fixation and Immunofluorescence. For confocal microscopy, we injected 10 to 25 mg per rat of 10,000-d TR-dextran as FITC fluorescence faded during antibody binding, and even only 5 to 10 mg of 70,000-d TR-dextran produced fluorescence so bright that cell architecture could not be analyzed. After treatment, livers were perfused via the portal vein with phosphate-buffered saline (PBS) and fixed by perfusion with 150 mL of 4% paraformaldehyde in PBS at 4°C. Livers were cut into 0.5-cm pieces, fixed for 2 hours in the same fixative, and infiltrated with sucrose by incubation for 30 minutes each in 5%, 10%, 12.5%, and 15% sucrose in PBS, all at 4°C. After overnight storage in 20% sucrose in PBS at 4°C, pieces were soaked in a mixture of 2:1 20% sucrose/PBS: OCT tissue freezing medium for 30 minutes at room temperature and frozen in a block of the same solution using isopentane chilled in liquid nitrogen and stored at Ϫ70°C until use. Cryostat sections (ϳ20 m) were rehydrated in PBS for 5 minutes, incubated 3 ϫ 5 minutes in 50 mmol/L NH 4 Cl in PBS, washed 3 times in PBS, and blocked for 30 minutes in PBS containing 0.2% Triton X-100 with 20% normal serum or 20% bovine serum albumin. Sections were incubated for 2 hours in primary antibody diluted in 0.2% Triton-X 100 in PBS with 2% serum, washed in PBS, incubated in secondary antibody diluted in 2% serum in PBS for 60 minutes, washed in PBS, and mounted with VectaShield. Alexa 488 amplification kits were used with EEA1 and transferrin receptor antibodies, according to the manufacturer's instructions. Other tissue sections were incubated with preimmune serum and secondary antibodies to confirm antibody specificity. Some sections were stained with Sytox Green nuclear stain after pretreatment with DNAase-free RNAase or stained with FITC-phalloidin according to the manufacturer's instructions.
Sections were imaged using a Bio-Rad MRC 600 confocal microscope (Hercules, CA). Images optically sectioned at 1 m were cap-tured and processed using Adobe Photoshop (Adobe Systems, Inc., San Jose, CA). Preliminary studies established that there was no significant "bleed-through" of fluorescence between any of the 3 channels used (green, red, and far-red) except for the very bright labeling of actin with FITC-phalloidin, which was faintly visible in the red channel. Under bright illumination, unstained liver exhibited punctate pericanalicular autofluorescence in all 3 channels, particularly after CTX treatment. These likely represented lipofuscin in lysosomes, 25 based on location, appearance, and colocalization with endocytosed dextran, but were not visible under the conditions used for this study.
Western Blotting. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was performed through 4% stacking and 7% or 12% running gels with equal amounts of protein in each lane. Proteins were transferred to nitrocellulose membranes electrophoretically, blots were washed in Tris-buffered saline with 0.3% Tween (TBST), blocked with 5% dry milk or 4% donkey serum, incubated with primary antibody for 2 or 3 hours, washed in TBST, incubated with secondary antibody conjugated to horseradish peroxidase, washed, and developed using chemiluminescence. Bands were captured on x-ray film.
Calculations and Statistics. For plots of acidification rates versus buffer Cl Ϫ concentration, curves were fit to the data using nonlinear curve-fitting techniques and a form of the Michaelis-Menton equa- 14, 15 Data were presented as mean (ϮSEM for n Ն 3). Values were compared by the Student's t test, with P Ͻ .05 taken to indicate statistical significance.
RESULTS
Acidification of Early and Late Endosomes.
In previous work, we showed that CTX and PTX increase endosome acidification rates and that different types of purified endocytic vesicles acidify at different rates. [14] [15] [16] Specifically, late endosomes (multivesicular bodies [MVB] ) and lysosomes acidify more slowly than purified vesicles thought to represent earlier stages of endocytosis (CURL, compartment for uncoupling of receptor and ligand; and RRC, recycling receptor compartment vesicles). To extend these observations, we measured acidification rates in 4 temporally different populations of endosomes derived from the sinusoidal membrane that contained a pH-sensitive fluorescent probe of FPE. As livers were pulsed with equal amounts of the FPE probe, 70,000-d FITCdextran and the total endosome population was studied, acidification rates reflected the algebraic sum of rates of all endocytic vesicles that internalized FITC-dextran during the duration of the pulse.
As shown in Fig. 1A and 1C, ATP-dependent initial rates of acidification progressively decreased as the age of the endosome population increased, regardless of the ion composition of the buffer, even when vesicle membrane potential was clamped by KCl ϩ valinomycin. Because the main transporters responsible for liver endosome acidification appear to be the electrogenic vacuolar H ϩ -ATPase and a parallel Cl Ϫ conductance, 4,14-17 nonlinear curve-fitting was used to estimate the parameters that best described the relationship between acidification rates and buffer Cl Ϫ concentration (Fig.  1A) . 5, [14] [15] [16] [17] This relationship was best described by the sum of an apparently saturable component, a linear component, and a constant rate, y ϭ ax/(b ϩ x) ϩ cx ϩ d, where "a" represents the maximum acidification rate as a result of Cl Ϫ (V max ClϪ ); "b" is the estimated dose for 50% maximum rate (ED 50 ) for Cl Ϫ ; "c" is the constant for a linear increase in rate related to Cl Ϫ (V linear ); and "d" is the rate in the absence of Cl Ϫ (V 0 ClϪ ). Best estimates for these constants, along with the errors in estimating them and the calculated acidification rate at 140 mmol/L Cl Ϫ , are shown in Table 1 . The ED 50 for Cl Ϫ increased with endosome age, whereas all 3 rate terms decreased, result- ing in a progressively decreasing calculated total rate. In parallel, the steady-state pH i became more alkaline (Table 1) .
CTX and PTX, Dibutyryl cAMP, and Acidification. Endosomes from CTX-treated livers pulsed with FITC-dextran for either 10 or 20 minutes exhibited acidification rates similar to or even faster than those of endosomes from control livers that were pulsed with FITC-dextran for only 2 or 5 minutes ( Fig.  1A and 1C ). These observations were consistent, regardless of buffer ion composition, and were both reflected by changes in all kinetic parameters (Table 1) ; and associated with more acid steady-state pH i (Table 1 ). 14 PTX and both overnight (17 hours) and short-term (1 hour) dibutyryl cAMP administration caused changes in the rate parameters of endosome acidification that were qualitatively similar to the effects of CTX, although the changes were not as great and neither altered the ED 50 ClϪ ( Fig. 1B and 1D ; Table 1 ).
We also confirmed that CTX and PTX as well as 17-hour exposure to dibutyryl cAMP increased Na ϩ /H ϩ exchange (an early endosome marker 5 ) in 20-minute endosomes (CTX Ͼ PTX, 17-hour dibutyryl cAMP Ͼ control), but did not alter proton efflux rates in the absence of Na ϩ (data not shown). Because steady-state pH i reflects a balance between proton influx, proton buffering, and proton efflux, [15] [16] [17] these changes in steady-state pH i (Table 1) suggested that proton influx was the dominant factor in determining pH i .
Collectively, these findings confirmed our earlier observation that CTX, PTX, and dibutyryl cAMP increase acidification rates of endosomes, 14 and extended them to show that these agents similarly altered the kinetic parameters of acidification rates of older endosomes to more closely resemble the kinetic parameters of earlier endosomes from control livers, and that cAMP had similar effects when administered in vivo for 1 or 17 hours. Because cAMP and the toxins appeared to block "age"-related changes in endosome ion transport, these findings suggested that these agents altered critical step(s) in the maturation and/or remodeling of endosomes.
FPE. To determine whether CTX also altered the distribution of endocytosed cargo between early endosomes and late endosomes or lysosomes, and to assess changes in net FPE, livers were pulsed with FITC-dextran and fractionated on self-generated Percoll gradients. The time courses of uptake and distribution of FITC-dextran in control livers are shown by the open circles in Fig. 2 . Intravesicular FITC-dextran first entered low-density (ϳ1.04-1.06 g/mL) vesicles in fractions ϳ20-27. By 10 minutes, some probe had appeared in dense vesicles (ϳ1.07-1.13 g/mL) in fractions ϳ2-6. With time, the amount of probe in low-density endosome fractions achieved an approximate steady-state content, whereas the amount in dense vesicles continued to increase. After an overnight pulsechase with 10,000-d FITC-dextran, a smaller probe rapidly cleared from blood, virtually all the probe was found in dense vesicles in fractions ϳ1-5 (Fig. 3A) . Protein content (Fig. 3B ) was greatest in fractions at the bottom of the gradient (fractions ϳ1-5) and at the top (fractions ϳ28-30), where cytosolic proteins and Ͼ92% of soluble extravesicular FITC-dextran were located.
We employed measurements of marker enzymes ( Fig. 3C  and 3D ) and Western blotting for marker proteins (data not shown) to determine the position on these gradients of plasma membranes and various organelles. Plasma membranes were found in a subset of low-density fractions (fractions ϳ22-24), as indicated by the distribution of the marker enzyme, APDE-I (Fig. 3C) , and FITC-WGA. By contrast, the canalicular membrane protein, MRP-2, 26 was distributed in denser fractions (ϳ16-22) (data not shown). This was unexpected because APDE-I is thought to be located principally on canalicular membranes, and canalicular membranes are thought to be less dense than basolateral membranes. 21, 23 Transferrin receptor, thought to be a marker of early endosomes and plasma membranes, was found only in fractions 22-26, where it overlapped with both ( Figs. 2A, 2B, 3C ). EEA1, a cytoplasmic protein that binds to early endosomes, 27 was identified in fractions 20-26 (overlapping with endosomes) and in cytosol in fractions 28-30. TGN vesicles, identified by large amounts of the resident protein, TGN-38, 28 were located principally in fractions ϳ20-22, although some of the TGN-38 in these fractions was likely located on the plasma membrane and in endosomes. 28 The dense peak of endocytosed FITC-dextran found in fractions ϳ2-6 (Figs. 2 and 3A ) likely corresponded to dense late endosomes and/or lysosomes as reflected by the sequential time course of FITC-dextran distribution (Figs. 2 and 3A) and distribution of the lysosomal marker enzymes, N-acetyl-␤-glucosaminidase and ␤-glucuronidase (Fig 3D) . LAMP-1 29 was localized to fractions 3-6 (data not shown), which likely contain late endosomes/less-mature lysosomes, but not to fractions 1 and 2, which probably represented a kinetically deep compartment of old lysosomes.
CTX had no effect on the density distribution or content of any of these markers ( Fig. 3; data not shown) . CTX decreased the protein content of fractions 3-4 ( Fig. 3B) 2 minutes of uptake, liver content of endocytosed FITC-dextran did not differ between control and CTX-treated liver, suggesting that the initial rate of FPE was not greatly altered ( Fig. 2A) . However, CTX-treated livers contained much more FITC-dextran than control livers at uptake periods of 5 minutes to 60 minutes, and this increased amount of probe was found in both endosome and lysosome peaks. By contrast, after a pulse and overnight chase, the total amount of endocytosed FITC-dextran was similar in both control and CTXtreated livers, as was the amount of probe retained in lysosomal fractions (Fig. 3A) .
To further examine the effects of CTX on liver content of endocytosed probe, the amount of intravesicular FITC-dextran in fractions 1-30 was summed for each liver in Fig. 2 (Fig.  4) . FITC-dextran content was greater in CTX-exposed livers at all time points after 2 minutes and was significantly greater at 20, 30, and 60 minutes. Similar results were obtained when intravesicular FITC-dextran was measured directly in samples of whole-liver homogenate or in the PNS (data not shown).
To assess the rate of transfer of endocytosed dextran from low-density endosomes to high-density lysosomes, changes in the endosome and lysosome pools over time were examined. For each time point, the mean sum of FITC-dextran in Percoll gradient fractions was calculated for fractions 1-10 and for fractions 11-30, representing the lysosome and endosome pools, respectively. As shown in Fig. 4 , lysosome content of FITC-dextran (which presumably reflected primarily input from the endosome pool, as losses to bile were likely to be small) increased with time in approximately parallel patterns in both control and CTX-treated livers, suggesting similar rates of transfer from endosomes to lysosomes. Because the endosome pools were larger in CTX-treated livers, the fractional transfer of the endosome pool to the lysosome pool also was calculated for each time interval. Control and CTXtreated livers exhibited no consistent differences in the fractional transfer of probe from endosomes to lysosomes (data not shown). Thus, CTX appeared to have no effect on initial rate of probe uptake or transfer of probe to lysosomes, but greatly increased liver content of probe in both endosomes and lysosomes, best explained by a decrease in diacytosis. Both PTX and dibutyryl cAMP also increased net FPE and the amount of endocytosed probe in both endosomal and lysosomal fractions after a 20-minute pulse of FITC-dextran (Fig.  5) , although the effects of CTX were quantitatively greater (Fig. 2D) .
CTX also appeared to shift the density of endosomes. At least at early time points (2-10 minutes), considerable FITCdextran in CTX-exposed livers was found in fractions ϳ17-20, more dense than plasma membranes, whereas in control livers, FITC-dextran was in fractions ϳ23-27, less dense than plasma membranes (Figs. 2A-2C, 3C ). Because of these changes, we also examined the distribution of 2 rab proteins thought to be associated with early (rab 5) and late (rab 7) endosomes. 30 These proteins were identified in a wide range of fractions (primarily ϳ8-26 for rab 5 and ϳ8-12 and ϳ18-26 for rab 7) , suggesting that they were associated with vesicles of a wide range of densities, including vesicles that did not enclose much FITC-dextran. CTX had no apparent effect on the amount or distribution of either rab 5 or rab 7 (data not shown).
Acidification of Endosomes in Percoll Gradient Fractions. Neither Cl Ϫ nor CTX altered acidification rates of dense vesicles in fractions 2-8 ( Fig. 6) , consistent with our findings that lysosome acidification is only modestly affected by Cl Ϫ , 15 and that CTX has little effect on acidification of purified lyso-
FIG. 2. Effect of CTX on content and distribution of endocytosed FITC-dextran in rat liver. (s), Position of density-marker beads (A). Control (E) and CTX-treated (F) rats were given 100 mg 70,000-d FITC-dextran intravenously for the indicated times (n ϭ 3-9).
somes. 31 Acidification rates of vesicles in all endosome fractions (fractions ϳ15-27) were increased after CTX exposure in the presence and absence of Cl Ϫ . These differences were greatest in fractions ϳ15-20, the population of endosomes density-shifted by CTX. These findings suggest that CTX affected many types of endosomes, but the greatest effect was on endosomes in fractions ϳ15-20.
Microscopic Localization of Endocytic Vesicles.
To further assess trafficking and distribution of endocytosed FPE probe in polarized rat hepatocytes, confocal microscopy was used to examine cryostat sections of rat livers. After 20 minutes of endocytosis in control liver (Fig. 7) , punctate red fluorescence was visible at both the sinusoidal membrane and in a pericanalicular location. Immunofluorescent staining for MRP-2 26 (Fig. 7A) marked the canalicular membrane. TGN-38 was localized to separate vesicular structures in the pericanalicular region that did not colocalize with TR-dextran ( Fig. 7A  and 7C ). FITC-phalloidin identified actin bands located immediately under both sinusoidal and canalicular membranes (Fig. 7E) . No TR-dextran-containing vesicles were seen near the nucleus, delineated by the nuclear stain Sytox Green (Fig.  7G) . Some TR-containing vesicles were also observed outside the hepatocyte basolateral membrane, presumably in endothelial and Kupffer cells; however, FPE could not be assessed in nonparenchymal cells because of their small size, low prevalence, and irregular geometry.
Effect of CTX on Endosome Location. The number and distribution of punctate TR-dextran-containing vesicular structures was considerably altered by CTX. First, vesicles appeared more numerous and more brightly fluorescent, although these aspects could not be quantitated reliably. Readily apparent on all images was the more random distribution of punctate TR-dextran fluorescence throughout the hepatocyte cytoplasm and the appearance of large novel perinuclear collections of TR-dextran-labeled vesicles (Fig. 7B,  7D, 7F, 7H ). CTX also appeared to redistribute elements of the TGN to a perinuclear position; however, TGN-38 -labeled vesicles did not colocalize with TR-dextran (Fig. 7D) . Z series of images were obtained through the entire height of hepatocytes from both control and CTX-treated livers stained with MRP-2 antibody to confirm that the perinuclear collections of vesicles were not clusters of pericanalicular vesicles that appeared near the nucleus because of artifacts of optical sectioning.
Endosome/Lysosome Markers. Additional antibodies were used to determine the location of markers of early or recycling endosomes (EEA1 and transferrin receptor 32 ) and of late endosomes/lysosomes (LAMP-1) 29 (Figs. 8 and 9 ). In control liver, punctate staining for EEA1 was localized immediately under both sinusoidal and canalicular membranes (Fig. 8A) , more prominently the latter, consistent with both membranes as sites of endocytosis. 33 Some TR-dextran-containing vesicles appeared to colocalize with EEA1 as shown by yellow vesicles. Antibodies to the transferrin receptor yielded low levels of diffuse staining along sinusoidal membranes and intensely stained punctate vesicular structures in the pericanalicular area (Fig. 9B) . Near the canaliculus, only a few transferrin receptor-positive vesicles colocalized with TRdextran-positive vesicles, possibly representing recycling endosomes, while most transferrin receptor-positive vesicles closely resembled TGN vesicles (Fig. 7A and 7C) . In CTXtreated livers, EEA1 and transferrin receptors were identified in the same locations as in control livers; however, additional regions of staining for both antibodies colocalized with TRdextran-positive vesicles in perinuclear clusters (Figs. 8B,  9D-9F ). These double-labeled vesicles may represent mistrafficked early/recycling endosomes.
In control livers, LAMP-1 localized to punctate structures in the pericanalicular region (Fig. 8C ) and in sinusoidal endothelial cells, locations consistent with its presence in late endosomes/lysosomes. 29 In these locations, LAMP-1 colocalized virtually completely with TR-dextran-containing vesicles, as shown by the yellow color of merged images. In CTXtreated livers, LAMP-1 colocalized with both pericanalicular vesicles and with some perinuclear TR-dextran-containing vesicles (Fig. 8D) . The latter may represent mistrafficked late endosomes/lysosomes.
Time Course of Endosome Localization. To examine spatial aspects of trafficking kinetics of FP endosomes, livers were administered TR-dextran for 2, 4, 6, 10, and 20 minutes and for 15 hours. Sections were stained for MRP-2 to identify the bile canaliculus. In control liver (Fig. 10A, 10C , 10E, 10G, 10I), TR-dextran first appeared in punctate structures immediately under the sinusoidal membrane. Over the next 4 to 8 minutes, TR-dextran-containing vesicles appeared to travel to and accumulate at the pericanalicular area. Transfer of endosomes from sinusoidal to canalicular regions was rapid, because by 4 minutes after dextran injection (data not shown), some labeled vesicles already were present in the pericanalicular space. Fifteen hours after administration of TR-dextran, probe was seen only in pericanalicular vesicles (Fig. 10I ) that likely corresponded to the dense vesicles on Percoll gradients (Fig.  3A) . Overall, the data in Figs. 7-10 suggested that hepatocytes took up probe from blood into early endosomes, which were located immediately under the sinusoidal membrane and a band of actin filaments in an area also occupied by EEA1. Shortly thereafter, vesicles rapidly trafficked to the pericanalicular space where many subsequently matured into LAMP-1-positive late endosomes and lysosomes. Some of the pericanalicular vesicles may be recycling endosomes destined to traffic back to the sinusoidal membrane. This pericanalicular area also contained EEA1, likely representing endocytosis from the canaliculus, and elements of the TGN.
Effect of CTX on Time Course. CTX treatment did not alter the sequential appearance of perisinusoidal and pericanalicular TR-dextran-loaded vesicles (Fig. 10B, 10D, 10F, 10H, 10J) . However, as early as 2 minutes after injection, an occasional TR-dextran-positive vesicle was seen near the canaliculus, and by 4 minutes (data not shown), vesicles also were found randomly distributed throughout the hepatocyte cytoplasm. Furthermore, TR-dextran-containing vesicles began to appear near the nucleus as early as 4 to 6 minutes. These tightly packed aggregates of perinuclear vesicles persisted, even after an overnight pulse/chase. PTX, Dibutyryl cAMP, and Endosome Localization. Exposure for 17 hours to either dibutyryl cAMP or PTX resulted in a distribution of vesicles, including the appearance of perinuclear clusters of vesicles, similar to that caused by CTX (data not shown). However, mislocalized perinuclear endosomes were not seen after just 1 hour of cAMP (data not shown), suggesting that this effect required prolonged exposure to cAMP. Altered trafficking to the perinuclear region was not the result of elimination of microtubules, because colchicine prevented endosomes leaving the perisinusoidal region (data not shown).
Although fasting is reported to alter liver cAMP and endocytosis 18, 34, 35 and CTX-treated rats might not eat normally, as assessed by changes in endosome acidification, uptake, and distribution of probe on Percoll gradients and by confocal microscopy, CTX had similar effects on fed and fasted rats 18 (data not shown).
DISCUSSION
It is generally accepted that many fusion, remodeling, and budding steps occur during endocytosis, associated with sorting of endosome contents and receptors, as well as physical movement of vesicles to specific parts of the cell. Less is known about trafficking and regulation of vesicle ion transporters or their functional implications. Heterotrimeric G proteins and/or cAMP appear to affect a number of processes involved in endocytic vesicle trafficking, [8] [9] [10] [11] including in liver stimulation of exocytotic insertion of transporters into apical and basolateral membranes. 12, 13, 36, 37 However, it is not known whether either heterotrimeric G proteins and/or cAMP affect more general pathways of liver vesicular transport such as FPE. Based on prior work, 5,14-16 we hypothesize that ion transporters are added to/removed from vesicles during endosome maturation, and that heterotrimeric G proteins (G s and G i2-3 ), through cAMP, not other G protein effectors, increase endosome acidification by altering endosome remodeling, maturation, and/or trafficking, rather than through direct regulation of the vacuolar H ϩ -ATPase. If so, cAMP might be expected to alter FPE. We chose to examine endosome populations loaded with a fluid-phase probe for different time periods. Although heterogeneous, these populations offer a global view of basolateral endocytosis and, as all vesicles were prepared in the same model system, differences in their properties should result solely from differences in endosome fusion/remodeling/trafficking. However, it is possible that subsets of basolateral endosomes exist that respond differently to maturation, toxins, and cAMP.
In control liver, we confirmed a progressive decline in rates of acidification with endosome "age," consistent with our prior findings that purified rat liver mid-and late endosomes and lysosomes acidified at slower rates than early endosomes. 15, 16 Indeed, the kinetic parameters of 10-and 20-minute endosomes (Table 1) closely resembled those of CURL and MVB vesicles, respectively. 16 From these data alone, it is not possible to determine whether differences in acidification rates reflected changes in the turnover rate of the vacuolar H ϩ -ATPase or in endosome remodeling and the numerical density of pumps per vesicle or vesicle surface-to-volume ratio.
CTX, PTX, and cAMP all appeared to block or reverse this "age"-related change in endosome (but not lysosome [ Fig. 6 ]) 31 acidification (Fig. 1, Table 1 ), consistent with our prior findings that CTX caused smaller increases in acidifica- tion rates of early 2-minute endosomes than of later endosomes. 14 Two observations suggest these changes occurred because of altered endosome remodeling/maturation: 1) CTX, PTX, and cAMP also increased Na ϩ /H ϩ exchange 14 ; and 2) CTX, PTX, and cAMP in vivo (Fig. 1) increased endosome acidification much more than cAMP or protein kinase A added to isolated endosomes. 38 To explore whether CTX, PTX, and cAMP caused quantitative and/or spatial changes in liver FPE, we fractionated liver on density gradients and employed confocal microscopy. Liver contains not only hepatocytes, but also nonparenchymal cells, all capable of FPE. 39 However, hepatocytes are more numerous, larger, and have a greater membrane surface area than nonparenchymal cells, 39, 40 and when FPE is calculated per gram of liver, hepatocytes account for Ͼ50% to 73% of liver FPE. Thus, most of the internalized probe in Figs. 2-4 was likely in hepatocytes, an assumption supported by microscopic studies (Figs. 7-10 ). The time course and distribution of endocytosed probe shown in Fig. 2 was similar to studies in other cell types. 6, 24 We evaluated 6 time points to allow kinetic analysis of probe uptake and transfer. The pool of probe in endosome fractions reached an approximate steady-state after about 20 minutes, presumably reflecting a balance between endocytic uptake and losses as a result of transcytosis to bile, transfer to dense late endosomes/lysosomes, and efflux back to blood. As expected during continuous endocytosis, lysosome pool size continued to increase at all time points through 60 minutes.
CTX and, to a lesser degree, PTX and dibutyryl cAMP, increased liver content of probe in both endosome and lysosome fractions at 5-to 60-minute time points, suggesting that these agents increased initial rates of FPE and/or decreased probe efflux. Because both control and CTX-treated livers took up the same amount of FITC-dextran in 2 minutes (Fig. 2A) , the former option is unlikely. A large fraction of internalized FPE probes (80% in cultured hepatocytes) are rapidly returned to the external environment by diacytosis. 41, 42 It is likely, therefore, that CTX reduced the rate of diacytosis. Indeed, the unique higher density rapidly acidifying endosomes in gradient fractions ϳ15-20 (Figs. 2 and 6) might represent blocked diacytotic vesicles. If so, this appears paradoxical, because acute exposure to cAMP in vitro increases: 1) exocytotic insertion of intracellular vesicles containing Ntcp into the basolateral membrane 12 ; 2) exocytotic insertion of organic anion transporters into the canalicular membrane 13, 36 ; and 3) biliary release of previously endocytosed horseradish peroxidase. 37 Transfer of probe from endosomes to lysosomes did not appear to be greatly altered by CTX, because: 1) probe content in both endosomes and lysosomes was increased (Fig. 2) ; 2) probe in lysosome fractions rose with time in parallel in both control and CTX-treated livers (Fig. 4) ; and 3) the relative fractional transfer of probe from endosome to lysosome pools was similar for control and CTX-treated livers. However, CTX also may have increased the rate of loss of probe from lysosomes, because after overnight uptake, the lysosomal pool of dextran was similar in control and CTX-treated livers (Figs.  3A, 2F ). This could occur if the slow transfer of lysosomal contents to bile (4%-5% per day) 37, 43 were accelerated by CTX and/or cAMP.
Confocal microscopic studies of liver endocytosis characterized the normal spatial distribution of FP endosomes. After formation at the sinusoidal membrane, these vesicles appeared to traffic rapidly and efficiently to the pericanalicular region. Indeed, in examining many images, labeled vesicles were rarely seen in other regions. Microtubule-mediated translocation is likely responsible for this rapid trafficking, because: 1) hepatocytes exhibit a pericanalicular microtubule organizing center 44 ; 2) in cultured hepatocytes, colchicine increases uptake of FPE probe into a small, rapidly recycling, endosome pool and decreases the cellular content of probe 41 ; and 3) we observed that colchicine blocked all sinusoidal to canalicular vesicle traffic (data not shown).
Our studies (Figs. 7-9 ) confirmed the observations of others that the Golgi apparatus, TGN, lysosomes, and, likely, sorting and late endosomes localize to the pericanalicular region. 33, 45, 46 Because hepatocytes also initiate endocytosis from the canalicular membrane, 33 this region, which contains EEA1-tagged vesicles (Fig. 8) likely also contains the hepatocyte subapical compartment. 33, 47 This spatial pattern of endosome distribution was altered by CTX, PTX, and 17-hour, but not 1-hour, exposure to dibutyryl cAMP. In CTX-treated liver, TR-dextran-containing vesicles were seen both randomly distributed in the cytoplasm and clustered in a unique perinuclear position (Fig. 10) . These perinuclear endocytic vesicles may include both early and late endosomes as some vesicles colocalized with markers of both (EEA1, transferrin receptors, LAMP-1) (Figs. 8 and 9 ). Because vesicles were tightly packed in the perinuclear region, it was not possible to determine if all of these markers colocalized to the same vesicles. Some of these perinuclear vesicles may be lysosomes, because they persisted after an overnight chase of probe (Fig. 10J ) and they were visible as perinuclear autofluorescent granules in CTX-treated livers not injected with TR-dextran (data not shown). Although TGN-38 also was mislocalized to the perinuclear area in CTX-treated livers (Fig. 7D) , TR-dextran did not colocalize with TGN-38, indicating that trafficking of endocytic structures and TGN marker proteins were altered separately by CTX.
Although confocal microscopy is not quantitative, inspection of these images suggested that these perinuclear vesicles may account for much of the extra endocytosed probe found in CTX-treated livers (Fig. 2 ). This perinuclear location is similar to the location of recycling endosomes, late endosomes, and lysosomes in nonpolarized cultured cells. Indeed, in cultured hepatocytes, ligands and membrane proteins traffic from perisinusoidal endosomes through a juxtanuclear compartment to the canaliculus. 48 Therefore, both lengthy exposure to cAMP and cell culture may change endosome trafficking to include a juxtanuclear compartment.
Our data do not indicate whether all of these toxin/cAMPinduced changes in endosome ion transport, FPE, and vesicle trafficking were the result of changes in one specific step during endocytosis. However, proper sorting of endosome contents, recycling of receptors, and endosome maturation in liver all appear to require the correct association of endosomes with microtubules. [49] [50] [51] Thus, a partial block at the point where sorting endosomes transfer fluid-phase probes into recycling endosomes might account for our data, if such a block altered attachment of endosomes to microtubules and translocation to the canaliculus. [49] [50] [51] Alternatively, if endocytosis were blocked at the sorting stage, sorting endosomes might accumulate, saturating the translocation process. Could these changes in endocytosis be caused simply by an increased turnover rate of the vacuolar H ϩ -ATPase, leading to a more acid pH i ? This seems unlikely because although elimination of vesicle acidity blocks transfer of cargo from early to late endosomes and lysosomes, 6,7 the changes in pH i were small (Table  1) and there is no evidence that a more acidic pH i blocks endosome trafficking.
The specific signal transduction pathways responsible for these changes in liver endocytosis are not known. Although CTX and PTX each likely interact with a variety of signal transduction cascades, the common factor is an increase in cAMP, 14 because CTX directly activates G sa and adenylate cyclase, while PTX inactivates G ia , releasing tonic inhibition of adenylate cyclase. Furthermore, most of the effects we identified were reproduced by a short exposure to cAMP (Figs. 1  and 5 ), which might function, as suggested for regulation of Ntcp, 52 through protein kinase B. However, 1 hour of dibutyryl cAMP did not cause detectable accumulation of mistrafficked perinuclear vesicles, an effect that might require pro-longed exposure to cAMP. Furthermore, only CTX appeared to density-shift endosomes at early time points (Fig. 2) . This could have been a unique effect of Gsa, not mediated by cAMP, a result of the high levels of cAMP generated by CTX 14 or an effect only seen when time points shorter than 20 minutes were examined.
In summary, we have shown that CTX and other agents that increase cAMP caused substantial changes in hepatocyte endocytosis. It is unlikely that all of these effects could be explained simply by an increase in the numerical density or turnover rate of the vacuolar H ϩ -ATPase. More likely, these agents altered specific steps in fusion/remodeling of early to late endosomes/lysosomes, and our findings implicated changes in recycling and efflux of endocytosed probe and in trafficking of vesicles. It is not known whether all of these effects of CTX are related. If so, it would suggest that maturation and/or remodeling of endosomes: 1) involves specific membrane proteins, such as ion transporters, as well as receptors and cargo; 2) is dependent on or itself regulates microtubule-based vesicle trafficking; and 3) may, if altered, alter rates of cargo recycling.
